Overall and abdominal obesity have been associated with insulin resistance or compensatory hyperinsulinemia in numerous cross-sectional studies [1] . On the basis of cross-sectional data, however, it is impossible to conclude whether obesity precedes or follows hyperinsulinemia. Indeed, prospective evidence concerning the temporal relationships between obesity, change in body weight and hyperinsulinemia is inconsistent. Some prospective studies on non-diabetic individuals of different ethnic backgrounds have shown that insulin resistance and hyperinsulinemia are associated with lower rates of weight gain [2 -8]. On the other hand, hyperinsulinemia has been found to promote weight gain in Pima Indian children [9] and in both black and white young adults [8] . In some population-based studies on non-diabetic subjects, obesity and weight gain have predicted increases in insulin levels or hyperinsulinemia [9 -13]. For both temporal sequences, there are plausible physiological mechanisms that may explain the association [14 -16]. The existing data are, however, derived from different ethnic populations, age groups, and often from special high-risk populations, which limits the generalizability of the results. In addition, it is not known whether obesity in early adulthood and change in body weight from early adulthood to middle age affect the development of hyperinsulinemia in middle age. 
Due to the inconsistency of the existing data, more research is needed on the time order of obesity, weight gain and hyperinsulinemia. Therefore, we evaluated the associations of obesity and weight gain during adulthood and middle age with the incidence of hyperinsulinemia and also the relationship of hyperinsulinemia with the development of obesity during middle age in a prospective population-based study among non-diabetic men.
Materials and Methods

Study population
The Kuopio Ischaemic Heart Disease Risk Factor Study (KIHD) is an ongoing, population-based study designed to investigate risk factors for cardiovascular diseases and related outcomes in middle-aged men from the Kuopio region in eastern Finland [17] . The study was approved by the Research Ethics Committee of the University of Kuopio. All subjects gave their written informed consent. A total of 2682 participants (82.9 % of those eligible) aged 42, 48, 54 and 60 years were enrolled in the study between March 1984 and December 1989. Four-year follow-up examinations were conducted between March 1991 and December 1993 on those men who had undergone ultrasound examination of the carotid arteries at baseline. A total of 1229 men were eligible for the follow-up study; of these, 107 refused, 52 could not participate due to death, severe illness or relocation, and 32 could not be contacted. Thus, the follow-up study included 1038 participants, 88.2 % of those alive.
The present study sample included 926 men after the exclusion of men with diabetes (fasting blood glucose of ‡ 6.7 mmol/l or clinical diagnosis with either dietary, oral or insulin treatment) or missing serum insulin value at baseline or follow-up or missing values in any of the anthropometric measures used. Average time to follow-up was 4.2 years (range 3.6 -5.2 years). In analyses of incident hyperinsulinemia, men with hyperinsulinemia at baseline defined as fasting serum insulin ‡ 12.0 mU/l (highest quarter) were excluded [18] , leaving a sample of 695 initially non-diabetic, normoinsulinemic men. Correspondingly, a subject was defined as having incident hyperinsulinemia in the followup if he had fasting serum insulin ‡ 12.0 mU/l among the 695 men.
Anthropometric measurements
Body mass index (BMI) was computed by dividing body weight in kilograms by the square of the body height in meters. Waist circumference was calculated as the average of one measurement taken after inspiration and one taken after expiration at the level of mid-distance between the bottom of the rib cage and the top of the iliac crest. Hip circumference was measured at the level of trocanter major. Waist-to-hip ratio (WHR) was calculated as the ratio of the circumference of the waist to the hip. Body weight at the age of 20 years was obtained from a self-report questionnaire administered at baseline [19] .
Blood sampling
The subjects gave blood specimens between 8 and 10 a. m. They were instructed to fast and to abstain from smoking for 12 hours, from drinking alcohol for 3 days, and from using analgesics for 7 days. After the subjects had rested in a supine position for 30 min, blood was drawn using Terumo Venoject vacuum tubes (Tokyo, Japan). No tourniquet was used.
Measurement of serum insulin
Fasting serum insulin was measured with RIA at baseline (Novo Biolabs; Novo Nordisk, Bagsvaerd, Denmark) [20] . The serum samples were stored frozen at -808 C for 0.2 to 2.5 years. The between-batch coefficient of variation (CV) was 8.9 % at 9.1 mU/l and 17.5 % at 30.9 mU/l. In the follow-up, the serum samples were stored at -808 C for a period of one week to six months, and insulin was determined by RIA (Pharmacia Diagnostics, Uppsala, Sweden). The between-batch CV was 6.7 % at 14.5 mU/l and 5.4 % at 40.3 mU/l.
Other biochemical analyses
Blood glucose was measured using the glucose dehydrogenase method (Merck, Darmstadt, Germany) after proteins had been precipitated with trichloroacetic acid. The measurement of serum lipids and lipoproteins has been described previously [21] . Plasma fibrinogen was determined based on clotting of diluted plasma with excess thrombin with a KC4 coagulometer (Heinrich Amelung, Lemgo, Germany). Blood leucocytes were assessed using a cell counter (Coulter Counter Electronics, Luton, U.K.). Serum uric acid was measured enzymatically (Kone Instruments, Espoo, Finland). Plasma a-tocopherol and ascorbate concentrations were determined by high-performance liquid chromatography. To separate the effect of a-tocopherol from that of serum lipids, lipid-standardized plasma a-tocopherol concentration was used in the statistical analyses [22] .
Other assessments Assessment of medical history and medications, family history of diseases, blood pressure, smoking, alcohol consumption, physical activity and maximal oxygen uptake (VO 2 max), socioeconomic status, food consumption and nutrient intake have been described previously in detail [17,18, 23 -25] .
Statistical analyses
Differences in baseline characteristics between the subjects who developed hyperinsulinemia during the follow-up and those who did not were analyzed using independent samples t-test. A number of possible risk factors for incident hyperinsulinemia were tested using logistic regression analysis. Statistically significant (p < 0.05) risk factors for hyperinsulinemia were selected as covariates for subsequent analyses of obesity, weight gain and incident hyperinsulinemia. These covariates were entered into a fixed multivariate logistic regression model jointly with dummy variables for the upper two thirds of indicators of obesity or change in weight (in separate models) using the lowest third as reference group. Linear trends for the incidence of hyperinsulinemia over the thirds of measures of obesity or change in weight were tested using logistic regression analysis. Differences in the 4-year change in weight between the thirds of baseline fasting serum insulin were analyzed using covariance analysis; linear trends across these thirds were analyzed using linear regression analysis. Statistical analyses were performed using SPSS 10.0 for Windows.
Results
Characteristics of subjects All baseline indicators of obesity were higher among men who developed hyperinsulinemia than among those who did not (Table 1). In addition, increases in body weight during the 4-year follow-up and increase in body weight from the age of 20 years to middle age (study baseline) were higher among incident hyperinsulinemic men than in those who remained normoinsulinemic. There was no difference in body weight at age 20 between these two groups. Furthermore, baseline fasting serum insulin, serum uric acid, diastolic blood pressure and the use of diuretics were higher and VO 2 max and dietary intake of fiber were lower in men who developed hyperinsulinemia than in those who did not. There were no statistically significant differences in fasting blood glucose, serum triglycerides and HDL cholesterol, plasma fibrinogen, a-tocopherol and ascorbic acid, blood leukocyte count, systolic blood pressure, physical activity, smoking, alcohol consumption, the use of b-blockers, socioeconomic status, or family history of diabetes between men with incident hyperinsulinemia and those who remained normoinsulinemic.
Risk factors for incident hyperinsulinemia BMI, waist circumference, WHR, body weight at baseline, change in body weight during the 4-year follow-up and change in body weight from the age of 20 years to middle age as continuous variables showed strong direct associations with the risk of developing hyperinsulinemia, adjusting for age and examination years ( Table 2) . For an increment of one unit in BMI (1.0 kg/m 2 ), waist circumference (1.0 cm), WHR (0.01 cm/cm), body weight (1.0 kg), and weight gain in 4 years (1.0 kg), the risk of incident hyperinsulinemia increased by 40 %, 11 %, 8 %, 8 % and 30 %, respectively. With an increment of 1.0 kg in body weight from the age of 20 years to middle age, the risk of hyperinsulinemia increased by 8 %. In addition, increased fasting serum insulin, increased serum uric acid and the use of diuretics were associated with increased risk of developing hyperinsulinemia, and high dietary intake of fiber and high VO 2 max were associated with reduced risk.
Obesity, weight gain and the risk of developing hyperinsulinemia Men in the highest thirds of BMI ( ‡ 26.7 kg/m 2 ), waist circumference ( ‡ 90.0 cm), WHR ( ‡ 0.95), change in body weight during the 4-year follow-up ( ‡ 4.0 kg), and change in body weight from the age of 20 years to middle age ( ‡ 12.8 kg) had a higher risk of developing hyperinsulinemia during the 4-year follow-up than men in the corresponding lowest thirds adjusting for other risk factors ( Table 3) . After additional adjustment for baseline insulin, the associations between BMI and weight change in middle age remained statistically significant (OR in the highest thirds 4.16, p = 0.014 and 8.70, p < 0.001, respectively). However, the associations of waist circumference, WHR and change in weight from the age of 20 years to middle age were no longer statistically significant (OR in the highest thirds 1.74, p = 0.280, 1.95, p = 0.262 and 1.95, p = 0.216, respectively).
Men with overall obesity (BMI ‡ 26.7 kg/m 2 ) but without abdominal obesity (WHR < 0.95) had an 8.1-fold risk of developing hyperinsulinemia compared with men without abdominal or over- Maximal oxygen uptake (ml/min/kg) 28. Table 3 Odds ratios for incident hyperinsulinemia in the thirds of body mass index, waist circumference, waist-to-hip ratio, change in weight in the 4-year follow-up, and change in weight from the age of 20 years to middle age (study baseline) * From logistic regression models adjusting for age and examination years and in the case of change in weight in the 4-year follow-up also for baseline weight and in the case of change in weight from the age of 20 to middle age also for weight at the age of 20 (Model 1) and additionally for serum uric acid, use of diuretics, dietary fiber and VO 2 max (Model 2). Hyperinsulinemia is defined as fasting serum insulin of ‡ 12.0 mU/l in the 4-year follow-up examination. all obesity (Fig. 1) . Overall and abdominal obesity combined was associated with a 10.5-fold risk of hyperinsulinemia.
Baseline hyperinsulinemia and weight gain during the 4-year follow-up
Baseline fasting serum insulin as a continuous variable was not statistically significantly (p = 0.615) associated with change in body weight during the 4-year follow-up, adjusting for age, examination years and body weight at baseline. There was no statistically significant difference in change in body weight during the 4-year follow-up between the thirds of baseline serum insulin (2.4, 2.6, and 2.7 kg, respectively, p = 0.799) or linear trend across these thirds (p = 0.542) with these adjustments, either.
Discussion
This prospective population-based study of middle-aged, nondiabetic men indicates that overall and abdominal obesity, as well as weight gain during adulthood, are associated with increased risk of developing hyperinsulinemia controlling for other risk factors. Incidence of hyperinsulinemia in men with a BMI of ‡ 26.7 kg/m 2 was over six times that of men with a BMI of < 24.4 kg/m 2 . WHR provided some additional information beyond BMI in predicting future risk of hyperinsulinemia. Weight gain of ‡ 4.0 kg in 4 years at middle age was associated with six times the incidence of hyperinsulinemia compared with men with stable weight or weight loss. Moreover, weight gain of > 12.8 kg from the age of 20 years to middle age was associated with four times the incidence of hyperinsulinemia. We did not, however, find an association between fasting serum insulin at baseline and change in body weight during the follow-up.
Previous studies, most of which have had a cross-sectional study design, have shown an association between obesity and insulin resistance or hyperinsulinemia [1] . Only few prospective population-based studies have investigated whether obesity or changes in body weight predict the development of hyperinsulinemia [9 -13] . In 495 non-diabetic women aged 42 -50 years who were followed up for 3 years [11] , the strongest predictor of fasting insulin level was baseline BMI, the second strongest being weight change after the age of 20 years. Moreover, weight gain during the 3-year follow-up was the strongest predictor of further increases in insulin levels. In the CARDIA study on 3,095 non-diabetic U.S. black and white men who were followed up for 7 years from an initial age of between 18 and 30 years, the strongest predictor for an increase in fasting insulin was the increase in body mass; BMI and waist-to-hip ratio were also associated with insulin increase [12] . In the Bogalusa Heart Study, a retrospective community-based study on children, adolescents and young adults, baseline obesity was associated with increased incidence of hyperinsulinemia in all three age groups, independent of age, gender and baseline insulin [13] . Taken together with these findings, the present study supports the role of obesity and weight gain in the development of hyperinsulinemia.
The temporal order of the association between obesity and hyperinsulinemia is, however, complex and inconclusive. Insulin resistance and hypersecretion have been proposed as a cause for the pathogenesis of obesity in populations with a high prevalence of the "thrifty genotype", such as the Pima Indians, who are very prone to obesity and type 2 diabetes [26] . An alternative hypothesis is that obesity-induced hyperinsulinemia is a physiological adaptation that limits further weight gain by increasing insulin signaling in the central nervous system in order to suppress food intake and increase energy expenditure [14] . Indeed, there is prospective evidence from studies on adult Pima Indians [2, 3] and Hispanic and Caucasian subjects [4 -8] that insulin resistance and hyperinsulinemia are associated with lower rates of weight gain in non-diabetic individuals. On the contrary, higher levels of insulin predicted a gain in body weight and obesity in Pima Indian children [9] and in U.S. black and white young adults [12] . It has been suggested that hyperinsulinemia promotes weight gain in children and young adults, and that subsequent increase in insulin resistance and compensatory hyperinsulinemia then limits further weight gain in adults [9, 27] . However, the evidence for both temporal directions in the changes in insulin and obesity in middle-aged and older men in the Normative Aging Study [28] and in young adults in the CARDIA study [8, 12] blurs the picture. It is difficult to draw a conclusion on the temporal order between obesity and hyperinsulinemia due to their complex and dynamic relationship. In addition, a number of other factors affect the results of different studies. These include age, race, genetic factors, gender, hormonal changes during puberty and menopause, follow-up time and the measurements of insulin and obesity.
A number of plausible physiological mechanisms through which increased mass of adipose tissue could cause insulin resistance and compensatory hyperinsulinemia have been proposed, as reviewed in detail previously [16, 29 -34] . The increased lipolytic activity of visceral fat produces free fatty acid flux through the portal vein to the liver; consequently, the high concentration of free fatty acids directly affects hepatic metabolism, leading to hyperinsulinemia in the systemic circulation. Visceral fat is also resistant to the antilipolytic effects of insulin. Visceral fat contributes also to the overall flux of free fatty acids in the systemic cir- Fig. 1 The odds ratios (OR) for the incidence of hyperinsulinemia according to body mass index and waist-to-hip ratio adjusting for age, examination years, serum uric acid, use of diuretics, dietary fiber and maximal oxygen uptake. culation and induces peripheral insulin resistance. The increased mobilization and lipolytic activity of abdominal fat are present also in the non-portal draining areas, such as retroperitoneal and subcutaneous abdominal fat [35] . These properties, as well as the total mass of adipose tissue, have been suggested as major determinants of those pathophysiological processes related to increased adipose tissue, rather than the site itself [35, 36] . In fact, insulin resistance was related to total body fat and, interestingly, more closely to truncal subcutaneous fat than to intraperitoneal fat in a study involving non-diabetic middle-aged men [37] . In addition, the role of changes in insulin-signaling pathways, as well as the contribution of cytokines, such as TNF-a, and hormones, such as leptin, as mechanisms for the association between obesity and insulin resistance remain to be evaluated [16] . On the whole, the independent contribution of fat located at different sites of the body to the development of a variety of diseases is inconclusive [38] .
BMI is a useful, albeit crude, population-level measure of overweight and overall obesity [39, 40] . Body weight and height are simple to measure, and have been widely included in clinical and population health surveys. In our study, both BMI and weight gain were strong predictors of incident hyperinsulinemia. BMI does not distinguish between the weight of fat and muscles or body frame. Moreover, abdominal fat mass can vary considerably within a narrow range of total body fat or BMI, and WHR and waist circumference provide additional information on the nature of obesity. These anthropometric measures are cheap and easily available; they have been associated with abdominal fat mass as measured by computed tomography or magnetic resonance imaging [41] . Thus, WHR and waist circumference have been recommended for the assessment of abdominal obesity in population-based studies [41] . In many population studies, however, abdominal obesity has not been assessed or has been measured by the participants themselves. In our study, WHR provided some additional information beyond BMI in predicting the risk of hyperinsulinemia.
We used elevated concentrations of fasting serum insulin as a proxy measure of insulin resistance. Fasting serum insulin levels correlate with indices of insulin resistance determined with the euglycemic hyperinsulinemic clamp technique in subjects with normal glucose tolerance, glucose intolerance or type 2 diabetes [42] . Therefore, fasting serum insulin has been suggested and often used as a measure of insulin resistance in population studies, in which invasive and complex measurements are not feasible. A disadvantage in our study is that different insulin RIA kits were used at baseline and in the 4-year follow-up. However, we excluded those who had diabetes at baseline or 4 years later and used the same insulin cut-off to exclude hyperinsulinemic men at baseline and to define incident hyperinsulinemia in the follow-up. We had a unique opportunity to analyze whether weight gain from early adulthood to middle age is associated with the incidence of hyperinsulinemia. During this period, lasting approximately 30 years, the subjects experienced a wide variety of weight change, and weight gain was a significant predictor of incident hyperinsulinemia during middle age. This confirms our previous finding, from the same study population, that weight gain from early adulthood to middle age is associated with an increased risk of developing insulin resistance syndrome [19] .
In conclusion, even moderate overall and abdominal obesity and weight gain during adulthood were independently associated with increased risk of developing hyperinsulinemia in non-diabetic middle-aged men. These prospective population-based data emphasize the importance of avoiding obesity and weight gain during adulthood to prevent hyperinsulinemia and, eventually, type 2 diabetes.
